The investigated crystalline and amorphous samples were obtained by crystallization of the liquid alloy on a water-cooled copper plate and by an injection-casting method, respectively. In each case, the structure of the samples was determined by examination of the obtained X-ray diffraction patterns. The diffraction patterns of samples produced by the injection casting method were characterized by a single broad peak called the amorphous halo. The samples produced by the crystallization method were shown to feature within their structure the following phases:YB 2 , Fe 2 Y, á-Fe, Co 5 Y, and B 6 Co 23 . Further research, performed using computer tomography, revealed the existence of pores within the samples. The crystalline-structure samples were found to feature a lower average pore diameter.
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Keywords: Amorphous materials, metals and alloys, Bulk metallic glasses, Computed tomography, microstructure, X-ray diffraction For over 50 years, intensive research has been undertaken with the aim of characterising amorphous structure and, further, nanocrystalline structure, the latter consisting of mixtures of both amorphous and crystalline' phases [1] [2] [3] . It is well known that, for a nanocrystalline material, the best properties are observed if there is homogeneous distribution of the crystalline grains within an amorphous matrix [4, 5] . This is based on the assumption that the size of these grains is less than 100 nm in one of the determined directions [4, 6, 7] . The manufacturing process of amorphous and nanocrystalline materials is complicated and requires specialist equipment [5, [7] [8] [9] [10] [11] .
For more than a decade, research has been carried out at the Czestochowa University of Technology with the aim of establishing the parameters of a single-step production process for creating nanocrystalline materials [12] . Defects, created during the production process of the materials, have also been investigated. It has been found that the solidification time of the molten alloy is a very important parameter, influencing not only the creation of the amorphous state, but also the size of the resulting pores in the structure.
In this work, the results are presented of X-ray and computer tomography investigations, performed on rapidlyquenched alloys that exhibit soft magnetic properties [13, 14] . Due to their potential applications in the electrical and electronic industries (for example, in transformer cores or as elements of micro-devices) these alloys feature as an extensively-researched group of materials [15, 16] . These materials are usually obtained in the form of thin ribbons, through the application of a melt-spinning method [17, 18] .
Unfortunately, the obtained ribbon constitutes an opencircuit sample, and in order to close the magnetic circuit, it has to be coiled. In addition, ribbons are produced at quenching speeds of 10 4 -10 5 K/s. The "freezing" of the structure within the amorphous state causes the introduction of short-and medium-range stresses. The presence of these stresses results in some deterioration of the soft magnetic properties of the ferromagnetic material [19] . Improvement in the soft magnetic properties could be achieved by an additional thermal treatment, resulting in partial relaxation of the structure and the releasing of free volumes and quasidislocational dipoles to the surface of the sample [20] [21] [22] [23] [24] [25] . The other way to achieve a relaxed structure could be the manufacturing process itself. Frequently, the quality and type of structure can be determined by directional cooling, leading to the columnar growth of crystals, for example in AlNiCo magnets. Unfortunately, for the majority of alloys, an amorphous structure or nanocrystalline structure with homogeneous grain distribution could not be produced. Reduction of the quenching speed (10 1 -10 2 K/s) and improvement of the glass-forming abilities have been achieved using alternative production methods, such as the suction-or injection-casting of the alloy into a copper die. Utilisation of these methods, in conjunction with the right chemical composition of the alloy, can yield a resulting material featuring an amorphous or nanocrystalline structure with a partially-relaxed structure -without the need for additional thermal treatment [26] [27] [28] [29] [30] [31] [32] . In addition, a sample can be obtained with an inherently closed magnetic circuit.
The aim of this work was to investigate the defects within the structure of alloys made by respective unidirectional and radial cooling of the liquid material; further, to determine the effect of the quenching speed on the thermodynamics of the nucleation of the crystalline grains and the resulting grain size.
Experimental part
The samples used in the investigations were made using high-purity component elements: Fe -99.98 at %, Co -99.98 at%, W-99.9999 at %, Y-99.98 at %, Mo -99.9999 at %, Nb -99.98 at %. The element boron was added as an alloy of known composition, i.e. Fe 45.4 B 54. 6 . The liquid alloy was solidified using two respective methods: in the copper die using the injection-casting method (radial cooling) and on the copper plate (unidirectional cooling).
The structure of the obtained samples was investigated using an X-ray diffractometer (Bruker Advance D8) over the 2Θ range from 30 to100 o and using a measurement step of 0.02 o (CuK α ( λ = 1.54056A)).
Analysis of the volume structural defects (in the form of pores) was carried out by computer microtomography, using a BrukerSkyScan1172. This experiment was performed using a voltage of 100 kV between the cathode and anode of the tungsten Roentgen lamp. The current had a value of 100 µA, the rotation step around the sample was 0.3° (from 0 to 360°) and the exposure time was 1.2s. The obtained resolution was 2.38 µm.
The single radiograph was an average produced from 6 projections. The samples that had been quenched in the copper die in the form of cuboids had dimensions of: 10 mm × 10 mm × 1 mm; from a central point on each of these investigated samples, a cuboid with dimensions of: 1.19mm×1.19mm×0.238 mm was analysed ( fig. 1b ). In the case of the samples cooled on the copper plate, a zone in the centre of each sample, 3 mm above the contact point with the copper plate, was analysed ( fig. 1c ).
The mean grain size D for the crystalline phases present in the volume of each sample was estimated using the Scherrer equation [33] [34] [35] :
where: K -dimensionless shape factor (assumed K = 0.9); λ -X-ray wavelength; B 0 -line broadening at half the maximum intensity (including the background);
Θ -Bragg's angle.
Results and discussions
The computer tomography investigations were used to reveal the percentage contribution of pores within the selected area of each alloy sample; table 1 shows the results for the samples produced by rapid quenching of the liquid alloy on the copper plate, and table 2 shows those for the samples produced in the copper die. It was found that, within the volume of the injection-cast sample, there was a higher number of pores present, in comparison to the sample produced by cooling on the copper plate. This can be explained by the sample production process itself. In the injection-casting method, the liquid alloy is injected into the copper die using pressurised argon gas; the alloy is then solidified at a rate of approximately 10 1 -10 2 K/s. It is considered very likely that, during the injection process, argon is mixing with the liquid alloy, and becoming trapped during the solidification of the alloy. For the majority of the investigated alloys, the percentage contribution of pores within the studied volume is over tenfold lower for the samples quenched on the copper plate. In addition, the average diameter of pores in the samples obtained by injection-casting is significantly higher for the samples cooled in the copper die. This suggests that the production technique of the ultrafastcooled alloys is the major factor influencing creation of imperfections in the internal structure. It is important to mention that cooling within the copper die occurs radially, whereas on the copper plate it is unidirectional. In the case of the radial coolingprocess (at 10 1 -10 2 K/s), the quenching dynamics are the same in all directions; this hinders relaxation of the structure occurring in the alloy volume. This applies to structural relaxation on the elementary level as well as relaxation of the larger imperfections, such as pores. A completely different description of relaxation processes applies to alloys that are cooled in one direction only; the sample is solidified starting from the cooling surface of the copper plate towards the top. As suggested by the results of the experiments, the majority of the pores are moving in the same direction, being released to the sample surface. The decrease in the quenching rate, towards the limit of the creation of the glass state, results in the nucleation of crystalline grains and their growth. This occurs in the investigated alloys. Figures 2 and 3 show X-ray diffraction patterns for the alloys produced by the injection-casting method.
In the case of the alloys with amorphous structure and with short-range interactions between the atoms, the Xray diffraction patterns do not feature any narrow peaks that would indicate crystalline phases ( fig. 2 and fig. 3 ). Instead, these patterns obtained for the amorphous alloys consist of a single, wide maximum: the so-called amorphous halo. The Röntgen rays are dispersed by the randomly distributed atoms in the amorphous materials with no elementary cell. Therefore the recorded dispersion of the X-rays by the amorphous structure is wide, softening the maximum with a lower overall intensity [36, 37] . Figures 4 and 5 show X-ray diffraction patterns for the samples of both groups of the investigated alloys that were produced by cooling on the copper plate.
The X-ray diffraction patterns recorded for the samples quenched on the copper plate consist of a low-intensity background and clear, narrow peaks; this confirms the presence of crystalline structure ( fig. 4 and 5) .
In the case of the alloys produced on the cooled plate, a fine grain structure with grains of less than 100µm is expected. In general, for the investigated alloys quenched on the copper plate, which are polycrystalline, the principal very interesting that, within these clusters, the atomic distribution is similar to that of the atom with the highest proportion in the given solidified fluctuation of the chemical composition. After delivery to the system of a quantity of energy facilitating the atomic diffusion, and therefore an increase in the distance of the interactions between them, the growth of the preferred crystallites within the system occurs. That is why several crystalline phases with different grain sizes could be observed within the investigated alloys. Each of the sharp maxima on the X-ray diffraction patterns has been identified and assigned to a specific crystalline phase using the EVA software and the specialist database ICDD PDF-4+ Release 2013. The dominant crystalline phase in the investigated alloys is the α-Fe cr ystalline phase. This means that the standard crystallisation process of the alloy type FeCoB has been preserved [38] [39] [40] [41] [42] [43] . These alloys crystallise in two stages: i.e.: primary and secondary crystallisation. During primary crystallisation, precipitation of the α-Fe crystalline phase grains occurs; with time, these grains reach dimensions of a few hundred nanometres. During the further growth of the α-Fe crystalline grains, the extended cooling time allows crystalline grains of different phases featuring the element Y to be created within the volume of the sample, i.e. YB 2 , Fe 2 Y, Co 5 Y. These three phases are created during the secondary crystallisation. Another effect of the rapid cooling on the copper plate is the presence, in minute quantities, of the trigonal, embryonic metastable B 6 Co 23 phase, the nuclei of which were frozen during the solidification process.
The presence of metastable phases in the investigated alloys suggests that the crystallization process has not been completed.
The values of grain size of the individual phases within samples of the alloys which were cooled on the copper plate were estimated using the Scherrer equation and are gathered in table 3 .
It should be noted that the estimated average crystalline grain size for the phases Fe and B 6 Co 23 are smaller for the alloys without the addition of tungsten. Addition of between 1 and 2 at. % of tungsten enhances the crystallisation process of the aforementioned crystalline phases and causes rapid growth of the crystalline grains of these phases.
The dominant crystalline phase in both groups of the investigated alloys is the α-Fe crystalline phase with the % contribution being several times higher than all the remaining phases (table 4). As has already been mentioned, the crystalline phase remaining after the production process is metastable B 6 Co 23 , for which the % contribution in the first group of alloys is less than 9%. Introduction to the base alloy of between 1 and 2 at. % of the alloying elements improves the likelihood of the creation of the crystalline phases. In the first group of the alloys, this results in the creation of one additional crystalline phase, namely B 6 Co 23 ; in the second group of the alloys, in addition to the B 6 Co 23 crystalline phase, the Co 5 Y crystalline phase has also been created. In general, the element Mo is added to the alloys to hinder growth of the crystalline grains, particularly dendrites, and it is causing structural refinement [44] .
The described effect has been achieved for the crystalline phase with the major contribution in these alloys α-Fe. In the base alloy, the average size of the crystalline grains of the á-Fe crystalline phase has almost halved: In the second group of the alloys, in order to hinder growth of the crystalline grains, the element Nb was used. During the initial stages of crystallisation, Nb diffuses from the cr ystallisation front to the matrix between the crystalline grains [45, 46] .
According to the results presented in table 3 , the introduction of Nb to the base alloy has a different effect on the evolution of the crystalline phases when compared to the alloys with Mo.
Prevention of long-distance atomic diffusion resulted in the creation of the Co 2 Y crystalline phase, which has not been observed in the first group. Moreover, it should be mentioned that, in comparison with the alloys containing Mo, for the alloys with added Nb the following changes have been observed: an increase in the average crystalline grain size for all identified phases, and decreases in the percentage contribution of:Y 2 b, Fe 2 Y and α-Fe phases. After the addition of W to the alloys containing Nb, a similar effect on the structural stability to that of the group of alloyswith Mo and added W has been observed.
Conclusions
In this work, samples of the alloys of Fe 62x Co 10 W y Me x Y 8 B 20-y (where: Me = Mo, Nb; x = 0, 1, 2; y = 0, 1, 2), produced by two different production methods, have been investigated. The manufacturing processes differed in the mechanism of cooling the samples and the associated quenching speed. It has been shown that an extended quenching time allows the production of a sample with less pores and smaller pore dimensions. Unfortunately, the extended solidification time is also a reason for the crystallisation of samples. Even given the addition of the alloying elements Mo and Nb, which are known for improving the glass-forming ability of alloys, an amorphous structure has not been achieved in the case of the alloys produced on the copper plate. Despite the fact that, using the described manufacturing techniques, the production of amorphous alloys wasn't the aim of the work, the authors were expecting to create a mixed structure with an amorphous matrix and crystallites no larger than a few tens of nanometres.
Based on the presented results of the investigations, it has been found that an increase in the packing density within the sample volume is an important parameter, influencing the properties of the alloy. The internal voids have a negative impact on the durability parameters of samples and are the cause of crack-propagation. In the case of magnetic materials, voids increase hysteresis losses and cause uneven flow of the magnetic field within the sample volume-which, in turn, can result in overheating of the material.
The aforementioned conclusions explain why it is important to develop production methods which facilitate reductions in the quantity and size of pores within the produced material. This is especially important for magnetic materials, where the produced object has a volume and is closed in the magnetic context.
